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Abstract 


How galaxies assemble masses through their own star formation or interaction with the external environment is still 
an important topic in the field of galaxy formation and evolution. We use Value Added Catalogs with galaxy 
features that are spatially and temporally resolved from Sloan Digital Sky Survey Data Release 17 to investigate 
the mass growth histories of early-type galaxies (ETGs) and late-type galaxies (LTGs). We find that the mass 
growth of ETGs is earlier than that of LTGs for massive galaxies (M,,  10/?M..), while low-mass (Mẹ < 10'°Mo) 
ETGs have statistically similar mass assembly histories as low-mass LTGs. The stellar metallicity of all massive 
galaxies shows a negative gradient and basically does not change with time. However, in low-mass galaxies, the 
stellar metallicity gradient of elliptical galaxies is negative, and the stellar metallicity gradient of lenticular and 
spiral galaxies evolves from positive to negative. ETGs are not all in a high-density environment, but exhibit mass 
dependence. As the tidal strength increases, the star formation rate of low-mass ETGs rapidly decreases. These 
results support a picture where massive galaxies exhibit inside-out quenching mode, while low-mass galaxies show 
outside-in quenching mode. Environmental effects play an important role in regulating the mass assembly histories 


https:/ /doi.org/10.1088/1674-4527 /ad1c77 


CrossMark 


2 Jiangsu Province Engineering Research Center of Basic Education Big Data Application, Jiangsu Second Normal University, Nanjing 211200, China 


of low-mass ETGs. 
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1. Introduction 


The study of how galaxies assemble their stellar masses 
spatially is a key point for us to understand the formation and 
evolution of galaxies. A prominent method used to study this 
issue is the fossil record method with integral field spectrosc- 
opy (IFS) observations. In the nearby universe, a large 
proportion of galaxies exhibit a negative age gradient, 
indicating that stars form preferentially in the interior of these 
galaxies over the exterior (Li et al. 2015; Dale et al. 2016). 
These results suggest that the assembly of stellar masses from 
inside to out is prevailing. Morphology type may also be a key 
factor affecting the mass assembly of galaxies. For early-type 
galaxies (ETGs), Sánchez-Blázquez et al. (2007) found that 
simply using either from inside to outside or from outside to 
inside cannot adequately explain their mass growth histories. 
Summarizing, it is not yet well established how galaxies 
assemble their stellar masses radially or quench their star 
formation. 

Previous studies have shown that the mass assembly histories 
of galaxies are closely related to the stellar mass (Peng et al. 
2010; Fang et al. 2013; Ceverino et al. 2015). Pérez et al. (2013) 
reported the results from Calar Alto Legacy Integral Field Area 
(CALIFA) found that massive galaxies show the signal of 
downsizing, with both inner and outer regions growing faster, 
while galaxies with stellar masses less than ~10'°M., show a 


transition to outside-in growth. In addition, some studies on 
dwarf galaxies have found that they exhibit a positive age 
gradient (Gallart et al. 2008; Zhang et al 2012) An 
observational fact has shown that the mass of elliptical galaxies 
is usually larger than that of spiral galaxies. For massive 
galaxies, they first experienced compaction processes at high 
redshift, such as major mergers and disk instability, which 
resulted in their increase in stellar mass. Such an evolutionary 
path is usually accompanied by the formation of compact bulges 
at the center of massive galaxies (Driver et al. 2006; 
Schiminovich et al. 2007; Bell et al. 2012; Barro et al. 2017; Lee 
et al. 2018; Ge et al. 2020). However, for low-mass galaxies, due 
to the lack of enough cold gas, their mass is more likely to be 
formed through secular evolution and/or minor mergers. 
Therefore, different star formation histories may be mass- 
dependent. 

Observational evidence has shown that the mass growth 
histories of galaxies are also related to the environment in which 
they reside. First, most galaxies with brightness lower than the 
characteristic luminosity tend to be in a sparse environment, and 
galaxies with brightness higher than the characteristic luminosity 
tend to be in a dense environment. This result reflects the change 
of optical luminosity function from sparse regions to galaxy 
groups and then to galaxy clusters (Blanton et al. 2005; Hoyle 
et al. 2005; Popesso et al. 2005). Second, considering the 
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relationship between galaxy age and environment, it is found 
that older galaxies tend to exist in a denser environment 
(Kauffmann et al. 2004). In the local universe, low-mass 
galaxies are more vulnerable to environmental impacts, such as 
galaxy strangulation (Larson et al. 1980), ram pressure stripping 
(Gunn & Gott 1972), and galaxy harassments (Farouki & 
Shapiro 1981; Moore et al. 1998). In galaxy groups/clusters, 
Geha et al. (2012) found that the number of quiet galaxies in 
low-mass galaxies (My < 10? M.) increased rapidly with the 
decrease in distance from massive galaxies. However, galaxies 
with the same mass in the field are still forming stars. Peng et al. 
(2010) studied the relationship between the fraction of quiet 
galaxies and the environmental density. When the stellar mass is 
fixed, the number of cases in the red galaxy increases with the 
increase of the environmental density. This trend is more 
significant in low-mass galaxies. 

Although the standard cold dark matter universe model 
(ACDM) can properly explain the currently observed universe, 
in order to reverse the mass assembly histories of massive 
galaxies, the cosmological model must introduce a mechanism 
that can inhibit or “quench” star formation. The reduction of 
star formation has two meanings in the literature. The first is 
that galaxies experience some physical processes and quickly 
consume gas to stop star formation. The other is that although 
there is a supply of fresh cold gas, galaxies still have no star 
formation activity and maintain the quiet state. One of the most 
popular theories, the hierarchical two-phase accumulation, is 
usually used to explain the star formation histories (Oser et al. 
2010). The first phase is the main mechanism for stellar growth 
via the gas collapse at high redshift, while the second stage is 
the size growth by the accretion of satellite systems at low 
redshift. This theory supports a picture proposed by Faber et al. 
(2007), where the star-forming galaxies trigger new star 
formation mainly through the mergers with rich gas, which 
leads to the rapid growth of stellar mass. Due to the 
consumption of gas content and the feedback of active galactic 
nuclei, the star-forming galaxies shut down the star formation 
and become retired galaxies. These retired galaxies lacking gas 
will experience a series of dry mergers with poor gas, 
accumulating the stellar mass and shaping the morphologies 
of the galaxies. 

ETGs and late-type galaxies (LTGs) are two basic 
classifications on the Hubble tuning fork diagram (Hub- 
ble 1936). There are certain differences between these two 
kinds of galaxies in stellar populations (González Delgado 
et al. 2016; Taylor & Kobayashi 2017; Lacerna et al. 2020), gas 
content (Lagos et al. 2015; Bolatto et al. 2017), kinematics 
(Cappellari 2016; Aquino-Ortíz et al. 2018; Graham et al. 
2018) and environment (Blanton & Moustakas 2009; Wilman 
& Erwin 2012). As studied by Schawinski et al. (2014), they 
found that ETGs are mainly composed of quiet, bulge- 
dominated galaxies, while LTGs mainly contain active, disk- 
dominated galaxies. These results indicate that the 
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morphologies of the galaxies that we have currently observed 
may be related to the mass assembly processes that they once 
experienced. Ibarra-Medel et al. (2016) used the fossil record 
method with Mapping Nearby Galaxies at Apache Point 
Observatory (MaNGA) product launch 4 included in SDSS 
Data Release 13 to study the radial stellar mass growth 
histories. They found that the mass growth histories depend on 
the stellar mass. Further, the morphological types also affect 
the mass growth histories. Although there has been previous 
work dedicated to using IFS to explore the physical properties 
of galaxies over time and space, the samples used were 
relatively small and the morphological classification of galaxies 
was not considered in detail (i.e., elliptical galaxies and SO 
galaxies are not considered separately.). 

In this work, we use MaNGA surveys included by Sloan 
Digital Sky Survey Data Release 17 (SDSS DR17) to study the 
mass assembly histories of ETGs and LTGs. MaNGA provides 
us with nearly 10,000 galaxies within a redshift range of 
0.01 «z «0.18 (Bundy et al. 2015), which is currently the 
largest IFS observation. The paper is organized as follows. In 
Section 2, we show the sample and data used in this work. In 
Sections 3 and 4, we present the results and discussion. Finally, 
we give the summary in Sections 5. In the paper, we assume 
constant cosmographic parameters where Qy = 0.3, Qa — 0.7, 
and H — 70 km s^! Mpc’! and adopt a Salpeter (1955) IMF. 


2. Sample and Data 


Four catalogs are included in this work to analyze the mass 
growth histories of galaxies. They are from MaNGA Pipe3D 
value added catalog (MAP3D-VAC), MaNGA Morphology 
Deep Learning DRI7 catalog (MADL-VAC), MaNGA 
PyMorph DR17 photometric catalog (MAPM-VAC), and 
Galaxy Environment for MaNGA Value Added Catalog 
(GEMA-VAC) respectively. Here, we will briefly introduce 
these catalogs. The MAP3D-VAC for MaNGA DRI7 is 
produced via Pipe3D, a spectroscopic analysis pipeline 
developed to characterize the properties of the stellar popula- 
tions and ionized gas in the spatially resolved data from optical 
IFU surveys (such as MaNGA, CALIFA and SAMI). Pipe3D 
adopts MILES simple stellar population templates (Vazdekis 
et al. 2010) which assume Salpeter (1955) IMF and Calzetti 
et al. (2000) dust extinction curve. The template library com- 
prises 156 templates covering 39 population ages (from 0.001 
to 13 Gyr) and four metallicities (i.e, logIM/H] = —0.71, 
—0.4, 0.0, 0.17). MAP3D-VAC comprises of a table including 
the integrated characteristic at the effective radius and gradients 
of different quantities. Furthermore, the data set includes data 
cubes that comprise the spatial resolved properties required to 
recover the star formation histories. The MADL-VAC is a 
morphological catalog of MaNGA galaxies obtained with Deep 
learning models. The models have been trained and tested on 
SDSS-DR7 images with great success. This morphological 
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Figure 1. The examples of elliptical, SO and spiral galaxies from left to right. Each panel displays the SDSS g, r, i-band images with the purple hexagons marking the 


MaNGA bundle. 


catalog contains a series of Galaxy Zoo-like attributes (edge- 
on, barred, projected pairs, bugle prominence and roundness), 
as well as a T-Type and a finer separation between pure 
elliptical and SO galaxies. All the T-Type values in this catalog 
have been eye-balled, and modified if necessary. The MAPM- 
VAC provides photometric parameters obtained from Sérsic 
and Sérsic+Exponential fits to the 2D surface brightness 
profiles of the final MaNGA DR17 galaxy sample (e.g., total 
fluxes, half light radii, bulge-disk fractions, ellipticities, 
position angles, etc.). All the galaxies were determined for 
the fits via using the PyMorph algorithm, which has been 
extensively tested by Meert et al. (2013) and Fischer et al. 
(2017). The environment in which a galaxy resides plays an 
important role in its formation and evolution. Galaxies suffer 
intrinsic and secular evolution processes, but they are also 
exposed to the influences of their local and large-scale 
environments. In order to investigate the influence of 
environment on galaxy evolution, we use the GEMA-VAC 
that contains several quantifications of the environment for 
MaNGA galaxies based on the methods described in Argudo- 
Fernández et al. (2015). We refer readers to Argudo-Fernández 
et al. (2015), Sánchez et al. (2018), Fischer et al. (2019), and 
Domínguez Sánchez et al. (2022) for more details. 

First, we cross-match the above five catalogs to obtain the 
parameters for this work. Second, we select three types of 
galaxies (e.g., elliptical galaxies, SO galaxies, and spiral 
galaxies) according to Domínguez Sánchez et al. (2022), who 
recommend separating galaxies as follows for a clean and 
restrictive selection: 


1. E: (Pura < 0.5) and (T-Type < 0) and (Psp < 0.5) and 
(VC = 1) and (VF= 0) 

2. SO: (Pi 4; < 0.5) and (T-Type < 0) and (Pso > 0.5) and 
(VC = 2) and (VF = 0) 


3. S: (Pira > 0.5) and (T-Type > 0) and (VC =3) 
and (VF = 0) 


where Purg and Pso are the probability of being LTG and SO 
galaxy, T-Type indicates the separation between pure elliptical 
and SO galaxies, visual classification (VC — 1 for ellipticals, 
VC — 2 for SO and VC = 3 for LTGs) and visual classification 
flag (VF — 0 for certain visual classification and VF — 1 for 
uncertain visual classification) are the visual classification 
parameters. Based on the above classification, we will return 
2441, 889 and 5103 galaxies classified as elliptical, SO and 
spiral, respectively. Figure 1 displays the examples for 
elliptical, SO and spiral galaxies in our final sample. Figure 2 
shows the relationships between stellar mass and star formation 
rate (SFR), stellar mass and r-band effective radius for sample 
used in this work. Our sample represents over 80% of the total 
MaNGA sample, excluding galaxies lacking parameter mea- 
surements and those whose morphology could not be 
determined. Thus, the sample is representative within MaNGA. 
Although a sample with more low-mass galaxies would be 
more statistically significant, in our sample, relatively fewer 
low-mass galaxies is also capable of exploring their stellar 
formation histories. In addition to the above parameters used to 
distinguish galaxy morphology, we also obtain other para- 
meters in this work, such as stellar mass formation ratio, stellar 
metallicity gradient, angular momentum of galaxies, sérsic 
index, effective radius, and environmental parameters. 


3. Results 
3.1. Time-resolved Physical Properties of Galaxies 


Thanks to the Pipe3D (Sánchez et al. 2016), which is an 
analysis pipeline based on the FIT3D fitting tool, we have the 
opportunity to explore the properties of the stellar populations 
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Figure 2. The relationships between stellar mass and star formation rate (left panel), stellar mass and effective radius (right panel). Red, cyan, and blue points represent 


ellipticals, SO galaxies, and spirals for this work, respectively. 
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Figure 3. Stellar mass fractions that the galaxy has formed at the look back time as a function of the look back time in different mass bins. The data points are the 
medians and the shaded area represents the bootstrap error. Red, cyan and blue represent elliptical, SO and spiral galaxies, respectively. 


and ionized gas from integral field spectroscopy (IFS) data. 
Row-stacked spectra comprising the single-stellar population 
(SSP) templates adopted by Pipe3D in the current analysis of 
the stellar populations. The template comprises 156 SSPs with 
39 ages and four metallicities. 

In Figure 3, we show the relationship between the stellar 
mass ratios that the galaxy has formed at the look back time 
and the look back time. In order to show this relationship in 
more detail, we divide the stellar mass into three intervals. For 
massive galaxies (M,, > 10'°M.,), the stellar mass fraction of 
elliptical galaxies is always higher than that of spiral galaxies, 
while SO galaxies are in between and more similar to elliptical 


galaxies. However, this finding does not apply to low-mass 
galaxies (M,, < 10'°M.). Before the mass increases to 60%- 
70%, the mass of LTGs converges faster, while after that, the 
mass of ETGs converges faster. However, considering the 
uncertainties in the data (i.e., the red points and curve are 
almost all falling inside the confidence range of the blue curve), 
we conservatively provide a conclusion that the mass assembly 
history of low-mass ETGs is similar to that of low-mass LTGs. 
In addition, we find that the larger the stellar mass, the earlier 
the galaxies evolve, which is more obvious in ETGs (~2 Gyr 
earlier) than in LTGs. Our result is consistent with (García- 
Benito et al. 2017) who presented the mass assembly time of 


Research in Astronomy and Astrophysics, 24:035006 (12pp), 2024 March 


—e Elliptical 
0.2, —— so 


—e— Spiral 


o 
Ex 


0.0 


A[Z/H]/A(R) 


0 2 4 6 8 10 120 2 
Look back time (Gyr) 


Look back time (Gyr) 


Ge et al. 


10.0 «log M«x11.0 log M«z11.0 


6 8 10 12 2 4 6 8 10 12 
Look back time (Gyr) 


Figure 4. Slope of the stellar metallicity gradient that the galaxy has formed at the look back time as a function of the look back time in different mass bins. The data 


points and the lines are the same as Figure 3. 


CALIFA galaxies and found that downsizing is preserved as a 
function of stellar mass. We count the number of low-mass 
ETGs and found that there are 73 elliptical galaxies and 97 SO 
galaxies. The relatively small number may affect the statistical 
results, which requires further exploration with a larger sample 
size in the future. 

We find from Figure 4 that ETGs and LTGs show similar 
evolution of metallicity gradients for massive galaxies, and their 
metallicity gradients do not display significant changes over the 
look back time. This result implies that the star formation 
histories of massive galaxies are not diverse. The reason for the 
formation of larger stellar masses may be due to the dry merger 
of galaxies in the later period. In addition, it is also found that the 
metallicity of massive galaxies shows a negative gradient (i.e., 
the center is high and the outside is low). The higher stellar 
metallicity at the central region suggests an evolutionary model 
of inside-out. 

For low-mass galaxies, although ETGs still show a similar 
evolution mode to high-mass ETGs, their metallicity gradient is 
slightly higher than the latter. This result may imply that low- 
mass galaxies evolve more slowly than massive galaxies. 
However, the metallicity gradient of low-mass LTGs has 
changed significantly over time, that is, from positive to 
negative. This implies an evolutionary model of outside-in. 
Such gradient changes suggest that low-mass galaxies have 
extended star formation histories, and these post-formed stars 
increase the metallicity in the central region (gas inflow) or 
decrease the metallicity in the outer regions (gas accretion). 
The metallicity gradient of almost all galaxies tends to flatten or 
even rise slightly in the later stage of evolution. Considering 
that at this time, most of their stellar masses (8096) have been 


formed, it is unlikely that the reason for this change is new star 
formation. Then this may be due to the influence of the external 
environment, which leads to the increase of metal abundance at 
the outskirts of the galaxy, thus flattening the metallicity 
gradient. 


3.2. Integrated Physical Properties of Galaxies 


To explore the relationship between the physical properties 
of galaxies and the growth of stellar mass, we need to 
understand the processes of star formation and quenching. 
Figure 5 displays the distributions of star formation rate of 
different morphological galaxies. We find that the SFR of 
ETGs is significantly lower than that of LTGs, while the SFR 
of LTGs increases with the increase of stellar mass. However, 
the SFR of ETGs also increases with the increasing mass, 
which may indicate that these galaxies have experienced 
similar processes that prevent their star formation, thus leading 
to a systematically reduced SFR. The reason why ETGs with 
different stellar masses are formed is that they have 
experienced different mass growth processes after the extinc- 
tion of star formation. We also found that in the low-mass 
ETGs, the SFR presents a bimodal distribution. We attribute 
this phenomenon to the fact that some low-mass ETGs without 
high SFR may be affected by the environmental effects (see 
Section 3.3). 

Figures 6 and 7 show the distributions of structural 
parameters for the sample. For sérsic index (a parameter 
indicating how centrally concentrated the system is), we find 
that the sérsic index of elliptical galaxies, SO galaxies and spiral 
galaxies are obviously different. In all the stellar mass ranges, 
elliptical galaxies have the largest sérsic index, then SO 
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Figure 5. The distributions of SFR for galaxies with different morphologies in different mass bins. To reduce the 
been normalized. Ellipticals, SO galaxies and spirals are marked in red, cyan and blue, respectively. 
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Figure 6. The distributions of sérsic index in different mass bins. The lines are the same as Figure 5. 
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Figure 7. The distributions of effective radius. The lines are the same as Figure 5. 
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Figure 8. The distributions of specific angular momentum (Az,). The lines are the same as Figure 5. 


galaxies, and finally spiral galaxies. In addition, with the 
increase of stellar mass, the sérsic index of all galaxies also 
increases, and the difference of elliptical and SO galaxies is also 
more significant. The increase in the sérsic index will lead to 
the growth of the bulge, which may be a necessary condition 
for the morphological transition (Bremer et al. 2018). For an 
effective radius, we find that in all mass bins, the size of 
elliptical galaxies is similar to that of SO galaxies, but the 
effective radius of LTGs is always larger than that of ETGs. 
The other finding is that with the increase of stellar mass, 
massive galaxies generally have a larger effective radius. This 
result implies that the growth of stellar mass is accompanied by 
the size growth. 

The kinematics of galaxies contain information about their 
mass growth histories. In order to explore the kinematic 


characteristics of different galaxies, we use specific angular 
(V/ oe 


417 (V/oy 


an effective radius to quantify whether the galaxies are 
dominated by rotational velocity or velocity dispersion. When 
the Apr, is large, it means that the galaxy is more likely to be 
dominated by rotation, otherwise it is dominated by bulge. In 
Figure 8, we find that in low-mass galaxies, the Ag, of ETGs is 
similar to that of LTGs, while in large mass galaxies, the Ag, of 
galaxies with different morphologies has a significant differ- 
ence. The Ap, of elliptical galaxies changes from 0.73 to 0.46 
and then to 0.34 with the increase of stellar mass, while the Ag, 
of SO galaxies (70.61) and spiral galaxies (70.83) basically 
does not change with the stellar mass. In general, elliptical 
galaxies are dominated by bulge (larger velocity dispersion), 
spiral galaxies are dominated by disk (larger rotational 
velocity), and SO galaxies are in between. This implies that 
the mass growth of massive galaxies is closely related to the 
interactions within galaxies, which can change the kinematics 
of galaxies. 


momentum (Ag, © ) for the stellar population within 


3.3. Environment of Galaxies 


To explore the role of the environment in the mass growth of 
galaxies, we derived environmental parameters Qj ss (the tidal 
strength of the large-scale structures) from GEMA-VAC (see 
Figure 9). The tidal strength parameter Qi ss is calculated based 
on the methods described in Argudo-Fernández et al. (2015) as 
well as Etherington & Thomas (2015), and is defined as 


3 
Qiss — ex ui 2) } 
i P i 


where M is the stellar mass of the galaxy and d; the projected 
physical distance of the ith neighbor to the primary galaxy. The 
parameter Dp = 2aroọ is the estimated diameter of the primary 
galaxy, where roo, the Petrosian radius containing 9096 of the 
total flux of the galaxy in the r band, is scaled by a factor 
a= 1.43 to recover the D»; (at the 25 mag arcsec ^ isophotal 
level). We tested the differences in environmental parameters 
using the K-S test. For My < 10'?M.., the results show that 
except for the slight differences (P — 0.005) between elliptical 
and spiral galaxies, there are no differences in other galaxies. 
For 10'?M., < M, < 10! M., there is no difference between 
ETGs, but there is a slight difference between ETGs and LTGs. 
Finally, for the most massive galaxies, we find no differences 
between SO galaxies and spiral galaxies, but significant 
differences (P « 0. 001) exist between ETGs and between 
elliptical galaxies and spiral galaxies. In the local universe, 
some studies (Guo et al. 2009; Weinmann et al. 2009; Huertas- 
Company et al. 2013) tend to suggest that environmental 
dependence is absent at least in shaping the morphologies of 
massive ETGs. Some of our K-S test results are inconsistent 
with other work, which may be related to the small number of 
ETGs. We find a bimodal environmental distribution in low- 
mass ETGs, which is consistent with the result found by a 
recent study from Chen et al. (2022). They find that elliptical 


(1) 
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Figure 9. The distributions of the tidal strength of the Ist nearest neighbor. The lines are the same as Figure 5. 


galaxies exist in two environments, one near the center of the 
galaxy cluster/group and the other far away from the center of 
the galaxy cluster/group. This implies that both environmental 
effects and the secular evolution of galaxies play a role in 
shaping of morphology. Based on the tidal strength, we 
extracted the first 25%, the middle 50%, and the last 25% of 
galaxies from the sample to compare the relationship between 
star formation activity and environment in galaxies with 
different stellar masses and different morphological structures 
(see Figure 10). We find that SFR of LTGs is independent of 
the environment, as is the SFR of massive ETGs. For low-mass 
ETGs, we find that increasing tidal strength rapidly decreases 
their SFR. In addition, we also find that the SFR of low-mass 
ETGs in the first 25% of tidal intensity is 2—3 times higher than 
that of ETGs in the last 25%. This result explains why the SFR 
of low-mass ETGs in Figure 5 is bimodal distribution. Our 
results indicate that environmental effects play an important 
role in regulating the star formation histories of low- 
mass ETGs. 


4. Discussion 
4.1. The Mass Assembly Histories 


The results described in this work give us some enlight- 
enment on the mass assembly histories of galaxies. Galaxies 
assemble mass via the star formation triggered by the compact 
events (such as wet merger or disk instability) in the early 
universe where cold gas content was high. As the fact found by 
Chowdhury et al. (2022), the mass of atomic gas accounts for 
about 70% of the baryonic mass at zz: 1.3. With the 
consumption of cold gas and the weakening of star formation, 
galaxies will expand the size of the stellar population through 
dry mergers and eventually form massive ETGs. However, 
some galaxies may not have experienced a series of merging 
events, so they still retain spiral-like signs. For low-mass 
galaxies, the differences in the mass assembly histories 


between ETGs and LTGs are not particularly significant 
considering that the environment may play a very important 
role in shaping the morphologies. We find that some low-mass 
ETGs are in an environment with strong tidal force, and these 
galaxies also have a low SFR. We suggest that less massive 
galaxies in complex environments are more likely to change 
their star formation histories and morphologies (loss of spiral 
arms) through environmental effects. The results from 
cosmological simulation indicates that dwarf elliptical galaxies 
are not necessarily the progenitors of dwarf LTGs. Their 
morphologies are more likely to be the product of long-term 
environmental impact (Lisker et al. 2013). We find that there 
are still some low-mass galaxies in the environment with weak 
tidal force but with the morphology of ETGs. These galaxies 
may have undergone wet minor mergers, so their SFR has not 
been completely quenched but their morphology has changed. 
The physical properties of SO galaxy are between elliptical 
galaxy and spiral galaxy and become a transitional population. 
So we suggest that the mass growth process of galaxies is the 
combined actions of mass and environment. 

Many previous studies have revealed that mass and 
environment are related to the mass assembly histories. 
Schawinski et al. (2014) used SDSS+GALEX+Galaxy Zoo 
data to study the quenching of star formation in local galaxies. 
They conclude that the quenching of LTGs may be caused by a 
slow exhaustion of the cosmic gas, driven by secular and/or 
environmental processes, while the quenching of ETGs is due 
to violent processes, accompanied by a morphological 
transformation from disk to spheroid. Sybilska et al. (2017) 
studied the dependence of the stellar populations of ETGs on 
the stellar mass and local environment in different mass ranges. 
Their results suggest that compared with less massive galaxies, 
massive ETGs are not more susceptible to the environment due 
to they are likely to be the central galaxies in infalling groups. 
However, environmental effects play a very important role in 
the suppression of star formation of low-mass galaxies. The 
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Figure 10. The relationship between star formation rate and Qj ss in spirals (left), SO galaxies (middle) and ellipticals (right) with different stellar masses. Blue, cyan 
and red points represent galaxies with weak, moderate and strong tidal strength, respectively. Black pentagrams indicate the median values. 


closer a satellite galaxy is to the center of a galaxy cluster, the 
more vulnerable it is to environmental influences. Across all 
morphologies, galaxies in denser environments show outside-in 
quenching mode, which supports the view that the environment 
can shut down the specific SFR by ram pressure stripping and/ 
or galaxy interactions (Medling et al. 2018). González Delgado 


et al. (2016) used the data set drawn from CALIFA to explore 
the characteristics of star formation along the Hubble sequence. 
Their results showed that the nuclear region of ETGs has a 
lower SFR than the outskirts (inside-out quenching). The same 
result was found by Belfiore et al. (2017) in MaNGA. Our 
results derived from stellar metallicity gradients can support the 
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conclusions described above. Scott et al. (2017) present an 
analysis for the integral stellar populations of galaxies from the 
Sydney-AAO Multi-Object Integral field spectrograph (SAMI) 
Galaxy Survey. They found that when the stellar mass and size 
are fixed, ETGs are older and more compact than LTGs. In 
addition, age and metal abundance also show a correlation with 
the environment, that is, galaxies appear older and more metal- 
rich in a dense environment. Medling et al. (2018) presented 
the spatially resolved properties of star formation from SAMI 
galaxy sample. They found that ETGs exhibit two types of star 
formation behavior. Some ETGs on the star-forming main 
sequence show a similar SFR to that of LTGs. The other ETGs 
deviated significantly from the star-forming main sequence 
relation. Considering that these ETGs have similar stellar 
masses and central mass surface densities, mass quenching is 
not the main factor for them to deviate from the star-forming 
main sequence. The cooperation of stellar mass and environ- 
ment may constitute a complex process of quenching star 
formation. 

As reflected in Figure 7, most massive LTGs exhibit larger 
sizes compared to ETGs. However, some studies have reached 
inconsistent conclusions with ours (Shen et al. 2003; Lange 
et al. 2015). This may be due to different definitions of galaxy 
morphology. Our classification of morphology is based on deep 
learning with artificial intelligence, whereas other studies use 
the sérsic index (Shen et al. 2003) or may not consider 
classifying SO galaxies as ETGs (Lange et al. 2015). Massive 
LTGs have larger galaxy sizes, which have also been observed 
by some studies. For instance, Fang et al. (2013) utilized the 
SDSS database to explore the relationship between stellar 
formation and galaxy structure. They found that the central 
density of LTGs is lower than that of ETGs. This suggests a 
strong likelihood that LTGs have larger R, than ETGs. 
Furthermore, Ge et al. (2020) found that, when comparing 
massive quiescent galaxies with star-forming galaxies of the 
same mass and redshift, the former exhibit a smaller average 
Re, while the lower-mass quiescent galaxies do not show such a 
trend. The average difference in R, between massive quiescent 
galaxies and star-forming galaxies is around 0.4 dex, whereas 
for lower-mass galaxies, the average difference is only 0.18 
dex. This result aligns with the findings of Lange et al. (2015) 
and Roy et al. (2018) as well. It is important to note that 
variations in methodology, data sources, and classification 
criteria can lead to divergent findings in galaxy studies. 


4.2. The Specific Stellar Angular Momentum and Merger 


ETGs are divided into slow rotators (low stellar angular 
momentum Age) and fast rotators (high stellar angular 
momentum Ag). Slow rotation indicates that these galaxies 
have complex stellar velocity fields, while fast rotation means 
they have regular stellar velocity fields. Emsellem et al. (2011) 
provided a census of the apparent stellar angular momentum 
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within one effective radius of a volume-limited sample of 260 
ETGs in the nearby Universe, using IFS obtained in ATLAS?P 
project. They found that the vast majority of ETGs are fast 
rotators, which indicates that these ETGs have regular stellar 
rotation. Veale et al. (2017) analyzed the environmental 
properties of 370 local ETGs in the MASSIVE and 
ATLAS?P surveys. They found a strong inverse correlation 
between Ag, and stellar mass, where Ag, increases with the 
decreasing stellar mass. In this work, low-mass (M. < 10'°M.) 
ellipticals have similar Ag; with LTGs. It can be explained by 
the fact that at the lower mass, the accretion and merger of gas 
tend to preserve the rotation of galaxies. As studied by 
Kormendy et al. (2009), their results showed that elliptical 
galaxies, especially low-mass elliptical galaxies, still retain the 
rotation component. A widely accepted explanation is that 
high-mass elliptical galaxies undergo a large number of 
relatively gas-free mergers, which effectively remove the 
rotation characteristics of the galaxy, while at lower mass, 
gas accretion and mergers tend to preserve the rotation 
properties of the galaxy (Naab et al. 2014; Choi & Yi 2017; 
Penoyre et al. 2017). 

Merger is a key factor in the mass growth and morphological 
variety. In hierarchical models up to 80% of the final stellar 
mass of massive bulge-dominated galaxies is predicted to be 
assembled via a sequence of major and minor mergers 
(Fontanot et al. 2011; Wilman et al. 2013). Minor mergers, 
in particular, have been proposed as a possible driver for the 
size expansion of the most massive ETGs from compact, red 
nuggets to the large ellipticals in the local Universe (van 
Dokkum et al. 2010). Cosmological hydrodynamic simulations 
have shown that the incidence of major mergers declines with 
the cosmic time (Maller et al. 2006), and the average merger 
rate of massive galaxies is ~3 times that of low-mass galaxies 
at z ~ 0.3. It is believed that major mergers may quickly build a 
dense core (as seen in Figure 6) and destroy the spiral structure. 
Minor mergers are also expected to increase the SFR in low- 
mass galaxies (Saintonge et al. 2012; Kaviraj 2014) although 
they are not as violent as major mergers. In the local universe, 
the incidence of minor mergers is higher than that of major 
mergers. 


4.3. The Metallicity Gradients 


For the metallicity gradients, Camps-Farifía et al. (2022) 
presented the evolution of the chemical enrichment of galaxies. 
They found that the average metal abundance gradient for 
galaxies in all mass ranges is negative, but for low-mass 
galaxies, they were reversed at some point in the past, and 
before that, all galaxies had positive gradients. In our work, we 
also find that the metallicity gradients of massive galaxies are 
negative, regardless of their morphology. For low-mass 
galaxies, especially LTGs, the metallicity gradient is positive 
before a certain point in the past, and negative after that. Sharda 
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et al. (2021) explored the effects of ionized gas kinematics on 
the gas-phase metallicity gradients. They found that rotation- 
dominated galaxies (LTGs) show the steep negative gradients, 
while dispersion-dominated galaxies (ETGs) display the flat 
gradients. These results can be explained by their analytical 
model of metallicity gradients. For galaxies with high or low 
velocity dispersions, the strong inward advection of gas or 
cosmic accretion of metal-poor gas can dilute the central 
regions of galaxies. This mixing results in flatter gradients. For 
galaxies with intermediate velocity dispersion, both the inward 
advection of gas and cosmic accretion of metal-poor gas are 
weak compared to metal production. Therefore, these galaxies 
have the steepest gradients. The similar findings can be made 
by the simulations of galaxy formation (Ma et al. 2017; Hemler 
et al. 2021). In this work, the metallicity gradients of stars in 
ETGs are relatively flat, which may be because later-formed 
stars are in an environment of high gas-phase metallicity 
caused by the high velocity dispersions. The distribution of 
metallicity profile is complex in the formation and evolution in 
galaxies. The outflows (Fu et al. 2013) and the feedback from 
AGN (Nelson et al. 2019; Pillepich et al. 2019) also play 
important roles in setting the metallicity gradients. 


5. Summary 


In this work, we divide galaxies that from MaNGA program 
into ETGs and LTGs and explored the dependence of mass 
growth histories of different morphological galaxies on stellar 
mass and environment by combining several catalogs. The 
main results are summarized as follows: 


1. For massive galaxies, the mass growth rate of ETGs is 
faster than that of LTGs with the same stellar mass. 
However, when the stellar mass less than 10/9... ETGs 
have statistically similar mass assembly histories as 
LTGs. This change in the mass growth rate is either 
due to a slowdown in the growth rate of ETGs or an 
acceleration in the growth rate of LTGs. In addition, the 
metal abundance of massive galaxies always shows a 
negative gradient and hardly changes with time. For less 
massive galaxies, ETGs and LTGs exhibit opposite metal 
abundance gradients. We also find that the metal 
abundance gradient of the galaxy was flattened at 3 Gyr 
of look back time, indicating that minor merger events 
may play an important role in shaping the mass assembly 
histories. 

2. ETGs have denser central region, smaller size and larger 
velocity dispersion than LTGs, and all of these 
differences are more significant with the increase of 
stellar mass. These results imply that ETGs with large 
stellar mass may have experienced violent physical 
processes in the early universe, which led to rapid mass 
growth in their central regions (high sérsic index). After 
that, minor merging played a leading role in mass growth. 
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Its main purposes are to change the structure of galaxies 
and/or extend the size of galaxies so that they became 
elliptical or SO galaxies. 

3. We find that the tidal strength of ETGs is slightly stronger 
than that of LTGs. The environmental distribution of low- 
mass ETGs shows bimodal characteristics, which is 
consistent with the distribution of SFR. ETGs with low 
SFRs are in environments with high tidal forces, while 
ETGs with high SFRs are in environments with low tidal 
forces. We suggest that environmental effects play a 
leading role in regulating the mass growth histories of 
low-mass ETGs galaxies. 


Understanding which physical processes play a key role in 
shaping the morphologies is a fundamental goal of galaxy 
evolution. In the current framework for discussing the histories 
of mass assembly of different morphological galaxies, galaxies 
are to be forming stars at a rate which places them on the 
“main-sequence” of star formation (Speagle et al. 2014; 
Renzini & Peng 2015). Internal and external processes can 
act to prevent the star formation of galaxies, causing it to 
transition off the main sequence and undergo morphological 
changes. In general, morphologies are thought to be a mixed 
bag of objects with various formation mechanisms. It still 
requires more observation data to investigate the histories of 
mass assembly across all Hubble sequences. 
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